Angiotensin II (Ang II) plays essential roles in vascular homeostasis, neointimal formation, and postinfarct remodeling. Although Ang II has been shown to regulate apoptosis in cardiomyocytes and vascular smooth muscle cells, its role in vascular endothelial cells (ECs) remains elusive. To address this issue, we first performed TUNEL and caspase-3 activity assays with porcine microvascular ECs challenged by serum deprivation. Ang II significantly reduced the ratio of apoptotic cells and caspase-3 activity. The Ang II type 1 receptor (AT 1 ) was responsible for these effects. Among the signaling molecules downstream of AT 1 , we revealed that PI3-kinase/Akt pathway plays a predominant role in the antiapoptotic effect of Ang II. Interestingly, the expression of survivin, a central molecule of cell survival, increased after Ang II stimulation. Overexpression of a dominant-negative form of Akt abolished both Ang II-induced antiapoptosis and survivin protein expression. In a murine model of hyperoxygen-induced retinal vascular regression, AT 1a knockout mice showed a significant increase in retinal avascular areas. Our data indicate that Ang II plays a critical antiapoptotic role in vascular ECs by a mechanism involving PI3-kinase/Akt activation, subsequent upregulation of survivin, and suppression of caspase-3 activity. (Circ Res. 2004;94:785-793.) 
A ngiotensin II (Ang II), the most important effector peptide of the renin-angiotensin system, plays central roles in volume and salt homeostasis. Ang II is implicated in cardiovascular and renal pathology including cardiac left ventricular hypertrophy, neointimal formation, postinfarct vascular remodeling, and nephrosclerosis. 1, 2 Apoptosis and cellular proliferation are important mechanisms causing these pathological conditions. In this respect, Ang II has been recognized as a growth-promoting and apoptosis-regulating factor contributing to vascular structural alteration. 3 Ang II initiates its effects by interaction with at least two pharmacologically distinct subtypes of cell-surface receptors, AT 1 and AT 2 . In mice, the AT 1 receptor is further subdivided into AT 1a and AT 1b . Major functions of Ang II in the cardiovascular system are mediated through AT 1 , whereas AT 2 exerts antigrowth and antihypertrophic effects. 4 Ang II activates multiple signaling pathways, including protein kinase C (PKC), 5 and mitogen-activated protein kinase (MAPK). 5 MAPKs are key regulatory proteins that control the cellular response to growth, apoptosis, and stress signals. More recently, stimulation of AT 1 has been shown to trigger the activation of phosphatidylinositol 3 (PI3)-kinase and Akt, 6 which is a common feature in the signal transduction of the antiapoptotic effects of growth factors. Although both MAPK and PI3-kinase/Akt contribute to apoptosis, the precise role of Ang II in apoptosis has been a subject of continuing controversy. Ang II has been reported to induce apoptosis in fibroblasts, 7 cardiomyocytes, 8 and vascular smooth muscle cells (VSMCs), 9 whereas it has been shown to prevent apoptosis of SMCs, 10 neuronal cells, 11 muscle cells of aortic media, 12 and the subepicardium area of the heart. 13 In addition, the role of Ang II receptor subtypes in the regulation of apoptosis has remained elusive.
In endothelial cells (ECs), Ang II has been reported to potentiate vascular endothelial growth factor (VEGF)-mediated angiogenic activity. 14 Although apoptosis of ECs is important for the regulation of physiological and pathological angiogenesis, 15 little is known about whether Ang II plays either an anti-or a proapoptotic role, especially in microvascular ECs such as retinal vascular ECs. For this article, we studied the potential roles of Ang II in apoptosis, and found that this molecule plays an antiapoptotic role in cultured microvascular ECs challenged by serum deprivation. We further dissected the underlying molecular mechanisms by examining the effects of Ang II on diverse signaling pathways related to apoptosis. The signaling molecules that were proven to be involved included AT 1 , epidermal growth factor receptor (EGFR), PI3-kinase, and Akt. We further showed for the first time that both survivin and caspase-3, but not MAPK, participate in this antiapoptotic effect of Ang II downstream of Akt. Finally, we confirmed the antiapoptotic effects of Ang II in vivo with the use of a murine model of hyperoxygen-induced retinal vascular regression.
Materials and Methods

Induction and Quantitative Determination of Apoptosis
To induce apoptosis, a serum deprivation method was used as described previously. 16 The percentage of apoptotic cells is based on the sum of floating cells plus apoptotic adherent cells in a given cell population.
Murine Model of Hyperoxygen-Induced Retinal Vascular Regression
AT 1a -deficient homozygous (AT 1a KO; AT 1a
Ϫ/Ϫ C57BL/6J) mice were provided by the Discovery Research Laboratory, Tanabe Seiyaku Co (Osaka, Japan). One-week-old (postnatal day 7; P7) wild-type (WT) and AT 1a KO mice were placed in an airtight incubator and exposed to an atmosphere of 75Ϯ3% oxygen for 5 days. All procedures involving animals were conducted in accordance with both the guidelines for animal experiments of Kyoto University and the Association for Research in Vision and Ophthalmology Statement for the Use of Animals in Ophthalmic and Vision Research.
An expanded Materials and Methods section can be found in the online data supplement available at http://circres.ahajournals.org.
Results
Ang II Blocks Apoptosis in Retinal ECs Through the AT 1 Receptor
To study the effect of Ang II on apoptosis of ECs, we first used serum-starved cells. Approximately 30% of porcine retinal endothelial cells (PRECs) underwent typical apoptosis after 24 hours of serum deprivation, which is consistent with a previous study using human umbilical venous endothelial cells 16 ( Figure 1B) . Additionally, the cells shrank in size and the nuclei became condensed and fragmented ( Figure 1A ). Inhibition of apoptosis by Ang II was dose-dependent (Figures 1A and 1B) , which was also confirmed by reduced DNA fragmentation in a DNA ladder assay ( Figure 1C ). To determine the receptor responsible for mediating the antiapoptotic effects of Ang II, we next used receptor-type specific inhibitors. Candesartan, an AT 1 antagonist, completely suppressed the antiapoptotic effect of Ang II, whereas PD123319, an AT 2 antagonist, had no effect ( Figure 1D ). These results indicate that Ang II exerts its antiapoptotic effect in ECs through the AT 1 receptor.
Ang II-Induced EC Survival Is Mediated by the PI3-Kinase/Akt Pathway
To further study the mechanisms underlying the antiapoptotic effect of Ang II in PRECs, we investigated the signaling molecules in pathways downstream of AT 1 . MAPKs, PI3kinase/Akt, and reactive oxygen species (ROS) are key regulatory pathways that control the cellular response to apoptosis. 5, 6, 15 LY294002, a PI3-kinase inhibitor, completely reversed this effect, whereas PD98059, a MAPK inhibitor, diphenylene iodonium (DPI), a NAD(P)H oxidase inhibitor, and N-acetyl-L-cysteine (NAC), an ROS inhibitor, did not exhibit a significant effect ( Figure 2A ). These results indicated that PI3-kinase plays a predominant role in the antiapoptotic effect of Ang II and prompted us to further examine the Figure 1 . Ang II blocks serum deprivation-induced apoptosis in retinal ECs through the AT 1 receptor. Cells were treated with either Ang II (1 to 100 nmol/L) or vehicle after changing to serum-free medium and the ratio of apoptotic cells was determined after 24 hours. A, Fluorescence images of TUNEL assays from cells treated with 100 nmol/L Ang II (middle) or without Ang II (left). Apoptotic cells are shown in green. High-magnification view (right). B, Doseresponse analysis of the antiapoptotic effects of Ang II (nϭ6). C, DNA laddering assay. D, Role of AT 1 and AT 2 in Ang II-induced antiapoptosis. Cells were pretreated with 1 mol/L of either candesartan or PD123319 and incubated for 24 hours in serum-free medium with or without Ang II (100 nmol/L). *PϽ0.0001, **PϽ0.05, ***PϽ0.01 vs serum-deprived control.
potential link between Ang II and Akt, a major downstream effector of PI3-kinase.
We found by Western blot analyses that Ang II stimulated phosphorylation of Akt in both a time-and dose-dependent manner. In our time course experiments, 100 nmol/L of Ang II caused maximal phosphorylation of Akt (3.75Ϯ0.69-fold; PϽ0.001) at 5 minutes ( Figure 2B ). Ang II also stimulated phosphorylation of Akt in a dose-dependent manner with a maximal fold increase of 3.89Ϯ0.69 (PϽ0.001) at a dosage of 100 nmol/L ( Figure 2C ). To study the functional relevance of Akt activation in Ang II-induced antiapoptosis, we infected PRECs with adenoviruses encoding either constitutively active (CA) or dominant-negative (DN) form of Akt. The ratio of apoptosis induced by serum deprivation was similar in PRECs infected with or without control vector (LacZ) ( Figure 2D ). Ang II significantly inhibited apoptosis of PRECs infected with control vector (20.4Ϯ2.8%; PϽ0.0001), whereas infection of PRECs with DN-Akt abrogated the antiapoptotic effect of Ang II (45.3Ϯ7.4%) ( Figure  2D ). Additionally, PRECs infected with CA-Akt showed a significant antiapoptotic effect compared with the control (10.6Ϯ2.0% versus 35.4Ϯ8.08%; PϽ0.0001). Collectively, these results suggest that Ang II exerts its antiapoptotic effect in PRECs through PI3-kinase and subsequent Akt activation, but not through a MAPK or ROS-mediated pathway.
Ang II Stimulates Phosphorylation of Akt Through an AT 1 /PI3-Kinase but Not Through an AT 2 /PKC Pathway in PRECs
We next investigated the molecular mechanisms leading to Akt activation in Ang II signaling. We revealed that the AT 1 receptor inhibitor candesartan completely blocked Ang IIinduced phosphorylation of Akt, whereas the AT 2 inhibitor PD123319 had no effect ( Figure 3A ). This indicates that AT 1 is responsible for Ang II-induced Akt activation. Because both PI3-kinase and PKC were reported to mediate Akt activation, 6 we next tested the effects of wortmannin and LY294002, two distinct PI3-kinase inhibitors, and GF109203X, a PKC inhibitor. Both PI3-kinase inhibitors completely abolished Akt phosphorylation in response to Ang II, whereas GF109203X failed to show a significant effect ( Figure 3B ).
Immunoprecipitation experiments with phosphotyrosine antibodies further confirmed PI3-kinase-mediated Akt activation in Ang II signaling by showing that Ang II specifically phosphorylates the p85 subunit of PI3-kinase and that candesartan but not PD123319 blocked this phosphorylation ( Figure 3C ).
Ang II Stimulates Phosphorylation of Akt Through EGFR Transactivation and Not Through an ROS-Mediated Pathway
Because recent studies have shown that two additional signaling events, via EGFR transactivation and via ROS generation, could mediate Ang II/Akt activation, 5, 17 we performed immunoprecipitation assays to study their potential roles in Ang II/Akt phosphorylation. Ang II stimulated phosphorylation of EGFR, and this effect was blocked by candesartan but not by PD123319 ( Figure 4A ). Furthermore, AG1478, an EGFR blocker, completely reversed Akt phosphorylation stimulated by Ang II (PϽ0.05 versus Ang II), and thus confirmed that EGFR transactivation is required for Akt activation in Ang II signaling ( Figure 4B ). We could not observe any significant effect on Akt activation in the presence of either DPI or NAC ( Figure 4C ). These results demonstrate that Ang II stimulates phosphorylation of Akt through the AT 1 /EGFR pathway, but not through an ROSmediated pathway in PRECs.
Ang II Upregulates Survivin Expression via PI3-Kinase/Akt Pathway
The signaling molecules involved downstream of the PI3kinase/Akt pathway in the context of Ang II-triggered re- Figure 2 . Ang II-induced EC survival is mediated by a PI3-kinase/Akt pathway, but not by MAPK-or ROS-mediated pathways. A, Role of PI3-kinase-, MAPK-, or ROSmediated pathways in the Ang II-induced antiapoptotic effect in PRECs. Cells were pretreated for 30 minutes with either control buffer, LY294002 (100 mol/L), PD98059 (10 mol/L), DPI (10 mol/L), or NAC (20mmol/L) before stimulation with Ang II (100 nmol/L) and incubated in serum-free medium for 24 hours (nϭ6). B and C, Cells were incubated for 24 hours in serum-free medium before addition of Ang II and Western blot analyses were performed. Phosphorylated-Akt (top), total Akt (middle). B, Time course studies of Akt phosphorylation by Ang II (100 nmol/L) stimulation (nϭ5). C, Dose-response analysis of Akt phosphorylation by Ang II stimulation (1 to 100 nmol/L) for 5 minutes (nϭ5). D, Role of Akt activation in Ang II-induced antiapoptotic effect in PRECs. Cells infected with recombinant adenoviruses were incubated in serum-free medium with or without Ang II (100 nmol/L) for 24 hours (nϭ6). #PϽ0.01, ##PϽ0.001 vs Ang II; *PϽ0.05, **PϽ0.01, ***PϽ0.001 vs control.
sponses, have not yet been determined. Survivin is a molecule under the control of Akt 18 and mediates survival in cells treated by cytokines such as VEGF 19 and angiopoietin-1. 20 Because survivin had not been tested in Ang II signaling, we examined if there was a link between Ang II and survivin expression. By Western blot analyses, we observed that Ang II stimulated upregulation of survivin expression in both a dose-( Figure 5A ) and time-dependent manner ( Figure 5B ). The maximum upregulation of survivin expression was induced at 24 hours after Ang II stimulation (7.00Ϯ0.80-fold; PϽ0.01) ( Figure 5B ).
Next, we evaluated the role of Akt activation on survivin expression. The control vector had no effect on the upregulation of survivin expression after Ang II stimulation, whereas CA-Akt without Ang II stimulation was able to stimulate survivin expression significantly (6.88Ϯ1.68-fold; PϽ0.01). Infection of PRECs with DN-Akt abrogated Ang II-stimulated survivin upregulation ( Figure 5C ).
To study survivin expression at the mRNA level, we performed Northern blot analyses and found that survivin mRNA expression increased after Ang II stimulation in a time-dependent manner ( Figure 5D ). The maximal response (2.86Ϯ0.45 folds of control; PϽ0.01) was observed at 6 hours after stimulation with Ang II. We next investigated the effect of PI3-kinase on survivin mRNA. We found that the upregulation of survivin mRNA after Ang II stimulation was almost completely abolished by LY294002 ( Figure 5E ). These data revealed the upregulation of survivin mRNA on Ang II stimulation via AT 1 /PI3-kinase pathway, consistent with our data of protein expression.
To further clarify whether the survivin protein upregulation after Ang II stimulation is due to de novo protein synthesis or prevention of degradation, we next studied the half-life of survivin using cycloheximide to inhibit protein synthesis. We found that the half-life of survivin protein in serum-free condition was approximately 40 minutes regardless of the presence of Ang II in PRECs ( Figure 5F ). Thus, we revealed that Ang II stimulates upregulation of survivin expression at both mRNA and protein levels and that the increase in protein expression is derived from de novo synthesis but not from prevention of degradation.
Ang II Stimulates the Inhibition of Serum Deprivation-Induced Caspase-3 Activation in PRECs
Because survivin has been reported to interact directly with caspase family members, especially caspase-3, in 293 cells, 21 we further studied the effect of Ang II on caspase-3 activation in low serum conditions. As shown in Figure 6A , Ang II stimulated the inhibition of serum-deprived caspase-3 activation in PRECs in a dose-dependent manner. Ang II (100 nmol/L) stimulated the reduction of caspase-3 activity to approximately 60% of control levels (PϽ0.05). Candesartan and LY294002, but not PD123319 or PD98059, completely abolished the suppressive effect of Ang II on caspase-3 activation ( Figure 6B ). These data suggest that Ang II stimulates the reduction of caspase-3 activity and exerts its antiapoptotic effect through AT 1 and a PI3-kinase dependent mechanism.
Ang II Prevents Hyperoxygen-Induced Retinal Endothelial Apoptosis In Vivo
To study the role of Ang II in apoptosis in vivo, we utilized a murine model of hyperoxygen-induced retinal vascular regression. We found that hyperoxia causes retinal capillary regression via apoptosis of ECs ( Figures 7A through 7C) . We also analyzed the number of apoptotic retinal ECs in mice exposed to hyperoxia for 24 hours (P8). The retinas from AT 1a KO mice had significantly more apoptotic retinal ECs than that from WT mice (WT versus AT 1a KO mice; 6.78Ϯ2.07 versus 9.44Ϯ2.78 cells; PϽ0.01) ( Figure 7D ). These data suggested that Ang II acts as an antiapoptotic factor through AT 1 receptor also in retinal ECs in vivo.
Because VEGF and its receptors, KDR and Flt-1, are the key regulators of EC survival, we studied their expression using real-time PCR analyses. We found that hyperoxygen significantly reduced the mRNA expression of these molecules in both genotypes compared with the level of P7 of corresponding genotypes ( Figures 7E through 7G) . As for the comparison of mRNA expression level between genotypes, there was no significant difference at all time points examined ( Figures 7E through 7G) . These results suggested that VEGF and its receptors have minor contribution to the differences of retinal EC survival between both genotypes.
Ang II Plays as a Retinal Endothelial Survival Factor via AT 1 /Survivin Pathway in a Murine Model of Hyperoxygen-Induced Retinal Vascular Regression
Next, we focused on the changes of the retinal survivin expression. To study the changes in survivin mRNA expression in the hyperoxic retina, we first performed real-time PCR analyses with the retina from both genotypes of P7, P8, and P12. We found that survivin mRNA expression was significantly decreased in both genotypes of mice during hyperoxia compared with the level of corresponding genotypes of P7 (WT mice; 0.59Ϯ0.17-and 0.51Ϯ0.10-fold, AT 1a KO mice; 0.40Ϯ0.19-and 0.25Ϯ0.13-fold, respectively, at P8 and P12). Although the difference in expression level between genotypes was not significant at P7, we observed significantly reduced survivin mRNA expression in AT 1a KO mice both at both P8 and P12 ( Figure 7H ). To study in vivo survivin protein expression, we next performed immunohistochemical analyses in the hyperoxic retinas. By double-immunofluorescent staining, we observed that a subset of retinal vessels ( Figures 7I and 7J , arrowheads) was colabeled with the survivin antibody. By comparing the percentage of vessels negative for survivin expression, we found that AT 1a KO mice had significantly higher percentage of survivin-negative vessels than that of WT mice (WT versus AT 1a KO mice; 34.8Ϯ3.6% versus 69.5Ϯ6.6%; PϽ0.001) ( Figure 7K ). These data suggested that Ang II signaling plays an important role in the in vivo expression of survivin.
Finally, we elucidate the vascular survival in a murine model of hyperoxygen-induced retinal vascular regression. In this study, WT and AT 1a KO mice showed similar extension and network formation of the retinal vessels ( Figures 8A  through 8D ). There was no significant difference between the ratio of the retinal vascular bed to the total retinal areas of WT and AT 1a KO mice at P7 ( Figure 8E ). At P12, after hyperoxia, AT 1a KO mice showed significantly more capillary dropout and less vascular networks than WT mice (Figures 8F through 8I). AT 1a KO mice retained only 32.2Ϯ2.7% of the retinal vascular area, whereas WT mice retained 50.5Ϯ5.5% of this area (PϽ0.0001; Figure 8J ). These results confirmed that Ang II plays an important role in the retinal vascular EC survival via its AT 1 receptor.
Discussion
Ang II is reported to be an inducer of apoptosis in several cell types, including pheochromocytoma cells, 22 fibroblasts, 20 cardiomyocytes, 8 VSMCs, 23 and renal proximal tubular cells. 9 In contrast, other investigators have shown that Ang II prevented apoptosis in SMCs, 10 in muscle cells of aortic media, 12 neuronal cells, 11 and in the subepicardium area of the heart. 13 Thus, the role of Ang II in apoptosis has been a subject of some controversy. With regard to vascular ECs, however, little is known at all about the effect of Ang II in apoptosis.
Angiogenesis is controlled by endothelial apoptosis, 15 and the disruption of endothelial cell-matrix contacts or interference with extracellular survival signals initiates caspase- dependent apoptosis in ECs. 24 A recent study showed that Ang II plays an angiogenic role via AT 1 in pathological angiogenesis, including hind-limb ischemia. 24 Moreover, we recently found that Ang II significantly contributes to VEGFinduced angiogenesis via upregulation of VEGF receptor 2. 14 Although these findings suggest that Ang II might play antiapoptotic roles in ECs, the molecular mechanisms remain poorly understood. In this study, we intended to delineate the effects of Ang II on apoptosis in microvascular endothelial cells and the underlying signaling pathways.
We first revealed by TUNEL and DNA Ladder assays that Ang II protects PRECs against apoptosis induced by serum deprivation in a dose-dependent manner. This finding is the first demonstration of an antiapoptotic role for Ang II in ECs. The role of Ang II receptor subtypes in the regulation of apoptosis in different tissues also remains controversial. Ang II regulates apoptosis in cardiomyocytes 8 and aortic SMCs 10 via AT 1 . Additionally, Ang II has also been reported to regulate apoptosis in VSMCs, 25 ovarian granulosa cells, 6 and fibroblasts 22 via AT 2 . A previous study showed that AT 2 but not AT 1 is responsible for inducing apoptosis in macrovascular ECs, 26 but the precise role of AT 1 in apoptosis of ECs remained elusive. In this study, we clearly show that Ang II plays an antiapoptotic role in microvascular ECs and that AT 1 but not AT 2 is the receptor that mediates this mechanism. The apparent discrepancy between the study of Dimmeler et al 26 and our data may be due to cell type specificity, which has been shown to be a critical factor in determining how Ang II exerts its effect on apoptosis in fibroblasts 7 and pheochromocytoma cells. 22 We next investigated apoptosis-related signaling pathways, including MAPK, ROS, and PI3-kinase, that were previously reported to be downstream of AT 1 . 5, 27 TUNEL assays revealed that PI3-kinase and its downstream effector, Akt, are essential components of the antiapoptotic mechanism of Ang II in PRECs but that neither MAPK nor ROS-mediated Figure 5 . Ang II stimulates upregulation of survivin mRNA and protein expression via PI3-kinase/Akt pathway in serumdeprived PRECs. A through C, Western blot analyses. A, Dose-response study: cells were stimulated with the indicated doses of Ang II for 24 hours in serumfree medium (nϭ5). B, Time course study: cells were stimulated with 1 mol/L Ang II for the indicated time periods. C, Role of Akt activation in the increased survivin protein expression after Ang II stimulation. Cells infected with recombinant adenoviruses were incubated in serum-free medium with or without Ang II (1 mol/L) for 24 hours (nϭ5). D, Northern blot analyses: cells were stimulated with 1 mol/L Ang II for the indicated time periods (nϭ4). E, Role of PI3-kinase in the increased survivin mRNA expression after Ang II stimulation. Cells were pretreated for 60 minutes with control buffer or LY294002 (100 mol/L) and stimulated with Ang II (1 mol/L) for 6 hours (nϭ4). pathways are significantly involved. These results indicate that the PI3-kinase/Akt pathway has an essential role in antiapoptosis signaling by Ang II. Because the PI3-kinase/ Akt pathway in ECs has been also shown to play a critical role in antiapoptosis triggered by other growth factors such as angiopoietin-1 16 and VEGF, 28 our results may further support a general concept that this pathway is indispensable for protection against apoptosis.
We next studied the pathways leading to Akt phosphorylation in Ang II/AT 1 signaling. In VSMCs, previous reports have shown that PI3-kinase 6 and ROS 29 are required for Ang II-induced Akt phosphorylation. In ECs, our study demonstrated that Akt phosphorylation is mediated through an AT 1 /PI3-kinase pathway, but not through ROS-mediated pathways. These data suggest the presence of a cell typeindependent mechanism for Akt activation in Ang II signaling.
Recent report has shown that AT 1 -mediated activation of Akt 17 is induced via downstream signals of transactivated EGFR in VSMCs. In ECs, our immunoprecipitation results demonstrate that Ang II induces phosphorylation of EGFR via AT 1 but not AT 2 , and that Ang II-induced Akt phosphorylation was completely abolished by the EGFR blocker, AG1478. Thus, EGFR transactivation seems to play a critical role also in Ang II-induced Akt activation.
To investigate the downstream pathways after Ang IIinduced Akt phosphorylation, we focused on the expression of survivin, which belongs to the family of genes known as inhibitors of apoptosis and has been implicated in both prevention of cell death and control of mitosis. 30 Although survivin plays important roles in suppression of cell death in response to diverse stimuli such as VEGF 19 and angiopoietin-1, 20 its role in Ang II-induced signaling remains completely unknown in any cell types. We examined a potential link between Ang II and survivin, and revealed that both survivin mRNA and protein expression increased after Ang II stimulation. This is, to our knowledge, the first demonstration that Ang II can stimulate survivin mRNA and protein expression. As for the downstream signaling of Ang II, our results indicate that the PI3-kinase/Akt pathway plays a predominant role in this response in PRECs. On the other hand, the cell cycle also can regulate survivin expression. 20 Because Akt activation had reported to have significant contribution to the cell cycle progression 31 and Ang II might play a role in the cell cycle regulation, 32 the cell cycle can possibly contribute to the observed upregulation of survivin by Ang II. Further studies are required to study whether Ang II/AT 1 /PI3-kinase/ Akt pathway regulates survivin expression in a direct or the cell cycle-dependent manner in ECs.
Recent reports have shown that survivin interacts with and inhibits caspase-3. 21 Additionally, it has also been shown that survivin has an indirect suppressive effect on caspase-3related apoptosis. 33 Although caspase-3 is involved in events associated with apoptosis induced by diverse stimuli, little is known about its role in Ang II-induced signaling. Having demonstrated in this study that Ang II can induce survivin expression, we wanted to determine any potential effect of Ang II on caspase-3 activity. Our results using a caspase-3 activity assay revealed for the first time that Ang II can stimulate the inhibition of caspase-3 activation, which had been stimulated by serum deprivation. These findings together with our results showing survivin upregulation after Ang II stimulation highlight a novel mechanism involved in the signaling pathways for Ang II-induced antiapoptotic effects in ECs.
Because this in vitro data strongly indicated an antiapoptotic function of Ang II, we further investigated the potential role of Ang II in apoptosis in vivo by using a murine model of hyperoxygen-induced retinal vascular regression. The vascular regression in this model is reported to involve apoptosis of vascular ECs, but the molecular mechanisms underlying this phenomenon remain to be elucidated. Our results revealed that AT 1a KO mice had significantly more apoptosis of retinal ECs, capillary dropout and suppression of survivin expression compared with WT mice, which suggests that Ang II also plays a critical role in antiapoptosis in vivo and further validates our in vitro results.
In summary, our results first demonstrate that Ang II is a prominent antiapoptotic molecule in retinal vascular ECs and the underlying molecular mechanism for this effect involves AT 1 , EGFR transactivation, PI3-kinase activation, and Akt phosphorylation. We further uncovered two novel signaling pathways responsible for Ang II-induced antiapoptosis, including upregulation of the broad spectrum apoptosis inhibitor survivin and inhibition of caspase-3 activation. Finally, we confirmed the antiapoptotic effects of Ang II in a murine model of hyperoxygen-induced retinal vascular regression. Recent studies have shown that inhibition of Ang II is effective for the treatment of diabetic retinopathy in both rodent 34 and human subjects. 35 Our results are indicative of molecular mechanisms that are consistent with these findings such that Ang II promotes the survival of microvascular cells and that suppression of Ang II signaling actually reduces retinal vascular viability.
